Equilibria between carbonyl compounds and their enamines (from O-TBDPS-derived prolinol) have been examined by NMR spectroscopy in . By comparing the exchange reactions between pairs (enamine A þ carbonyl B f carbonyl A þ enamine B), a quite general scale of the tendency of carbonyl groups to form enamines has been established. Aldehydes quickly give enamines that are relatively more stable than those of ketones, but there are exceptions to this expected rule; for example, 1,3-dihydroxyacetone acetals or 3,5-dioxacyclohexanones (2-phenyl-1, 3-dioxan-5-one and 2,2-dimethyl-1,3-dioxan-5-one) show a greater tendency to afford enamines than many R-substituted aldehydes.
The renaissance of enamine chemistry 1 over the past 10 years, as secondary amine-catalyzed direct reactions of carbonyl compounds with electrophiles (enamine catalysis), has already given rise to around 1300 reports and 110 reviews.
2 Due to our interest in Michael reactions, 3 including organocatalytic reactions involving nitroalkenes, 3cÀf and in the conversion of the nitro groups into carbonyl compounds by procedures mild enough to be applicable to complex polyfunctional fragments, 4 we focused on very recent, outstanding studies by Seebach et al., 5a Gschwind et al., 5b and List et al. 5c in which special examples of stable enamines were characterized. 5 These papers prompted us to report the results that we obtained with O-tertbutyldiphenylsilyl-(S)-prolinol, 1, the catalytic performance of which was first examined by Peng et al. 6 We chose this catalyst because the bulky substituent (TBDPS group) is away from the R position of the pyrrolidine ring, which permits the attack of its amine not only on aldehydes but also on much less reactive ketones (with which catalysts such as those of MacMillan and JørgensenÀHayashi, more hindered sterically, do not form detectable amounts of enamines). In this context, we disclose here which enolizable carbonyl compounds show a higher tendency to form enamines with pyrrolidine derivative 1 (Scheme 1).
When standard enolizable aldehydes, such as benzeneacetaldehye (phenylethanal), isovaleraldehyde (3-methylbutanal), cyclohexanecarboxaldehyde, or isobutyraldehyde (2-methylpropanal), were mixed with equimolar amounts of 1 in anhydrous DMSO-d 6 and the NMR spectra were registered immediately, the signals corresponding to the expected enamines were clearly observed (2aÀd, Figure 1) . NOESY experiments indicated that these were the main conformers (s-trans), in agreement with other aldehyde enamines.
5 In all these cases, the equilibria were strongly shifted toward the formation of the respective enamines. As hemiaminal-type intermediates (drawn in Scheme 1) were not detected, we concluded that their dehydration is very fast, in a hygroscopic solvent such as DMSO; iminium hydroxydes were not detected either.
With ketones such as cyclohexanone and cyclopentanone, the equilibrium positions were not so readily attained;they took around 30 min;and they were not so shifted toward the corresponding enamines 3e and 3f (Figure 2) . NOESY experiments indicated intense cross peaks of their olefin proton with the CH of the pyrrolidine ring and with the NCH 2 protons on the other side, as well as less intense cross peaks with the CH 2 O protons; we believe that the two major conformations (with the rings almost coplanar) are in rapid equilibrium. At the probe temperature, the equilibrium constant for the formation of cyclohexanone enamine 3e, determined from the proton areas in DMSO-d 6 , was 0.78 (henceforward 0.8). This K eq value is 2 or 3 orders of magnitude lower than those of aldehyde enamines 2aÀd. In fact, when we added 3-methylbutanal to an NMR tube with a DMSO-d 6 solution of 3e (prepared from mixing 1 and cyclohexanone in the presence of activated 4-Å MS), there was a quick exchange (completed by adding stoichiometric amounts of the aldehyde, see Figure 3 ) to give 2b and "free" cyclohexanone.
Cyclopentanone enamine 3f was formed in a higher percentage than 3e (K eq = 2.33, hereafter 2.3). Dioxanone enamine 3g was much more stable than 3f (K eq ≈ 75). In fact, as shown in Figure 4 , addition of 1,3-dihydroxyacetone isopropylidene acetal (2,2-dimethyl-1,3-dioxan-5-one) to a 3e solution caused a full exchange reaction to give 3g and cyclohexanone (better followed by 13 C NMR, as there is an overlap of signals in 1 H NMR). 2-Phenyl-1,3-dioxan-5-one gave a more stable enamine (3h) yet, in fact, a 1:1.2 mixture of two diastereomers (δH 5.54 and δC 97.3 for one "dCH", δH 5.48 and δC 97.1 for the second).
Since in CDCl 3 the percentages of enamines in the equilibria were orders of magnitude lower (e.g., almost 10 3 times lower for 2b and 3g), we went on using DMSO-d 6 for subsequent comparisons.
The two most stable enamines we examined;see the first row of Figure 5 ;are those with the double bond conjugated with an aromatic ring; in these two cases there is no steric inhibition or hindrance to the electronic delocalization. 1a,5 In this regard, the case of the enamine of 1-phenylacetone, PhCH 2 COCH 3 (fifth row), when it is compared to phenylethanal, PhCH 2 CHO, is dramatic: the CH 3 group causes a decrease from K eq ≈ 3000 to K eq ≈ 0.6. An additional Ph at the more substituted position of PhCH 2 COCH 3 (see Ph 2 CHCOCH 3 , last row of Figure 5 ) is also contraindicated, as no enamine was detected.
As expected, aldehydes RCH 2 CHO gave enamines that are relatively more stable (for example, 2b) 7 than those of R-branched aldehydes (2c and 2d) and than those of most ketones. The exceptions to this rule are the astonishingly stable dioxanone enamines 3g and 3h. During the treatment of an equimolar mixture of cyclohexanone and a dioxanone (or of a complex molecule that contained both types of cyclic carbonyl groups) with a catalytic amount of a secondary amine such as 1, the percentage of 3e would be 100 times lower than that of 3g or 400 times lower than that of 3h; unless the reactivity of 3e with a sort of electrophiles was really much higher than that of 3 g/3 h, no products coming from 3e would be obtained. Furthermore, enamines 3g and 3h are formed in larger percentages than those of several R-branched aldehydes; for example, the relative equilibrium constant for the formation of 3g (K eq ≈ 75) is several times higher than that for R-OTBS-propanal enamine (K eq ≈ 14). The values for several members of the series (especially, the first five and last four values) are approximate, although qualitatively correct, as they were obtained by addition of 1 to pairs of close carbonyl compounds mixed in different ratios. The enamines of the two last ketones could not be detected (n.d.), even with pyrrolidine instead of 1 and with large excesses of their ketones. In the case of phenylacetaldehyde (first substrate), a minor conformer (s-cis, 15%) was noted just after mixing 1 and PhCH 2 CHO (δ 5.55 and 6.97, 3 J = 15.6 Hz), which decreased soon to e7%. (7) Butanal and pentanal showed a slightly higher tendency than 3-methylbutanal to give enamines with 1, but a higher percentage of aldol reaction products were soon formed (the NMR spectra were not so clean). With acyclic ketones, it was more difficult to detect the corresponding enamines. Therefore, we mixed 1 with 10À20 equiv of ketone (we admit that the solvent polarity changes, but we had no other choice). As we could not determine with accuracy the corresponding equilibrium constants, in order to better compare the tendency of diverse carbonyl groups to give enamines, we prepared series of NMR tubes; they contained pairs of carbonyl compounds in equimolar amounts and later in different amounts (with a large excess of the carbonyl compound the enamine of which was formed in lower percentage), to which 1 was added. The relative K eq values that we obtained from integration of the areas of the olefin protons, taking enamine 3f as the reference, are also shown in Figure 5 .
The last ketones of Figure 5 (2-pentanone, 2-butanone, etc.), the enamines of which with 1 could hardly be observed, were compared to the preceding partners by using pyrrolidine 9 (see Supporting Information). This afforded values of K eq larger than with 1, although the relative order was maintained). The values given in Figure 5 take into account the corresponding correction. Thus, the K eq values of the penultimate row of Figure 5 are approximate (but an approximate scale is better than nothing).
By comparing cyclohexanone (K eq = 0.8) with 2-methylcyclohexanone (K eq = 0.02), the sensitivity of the relative enamine stabilities to the steric effects 1a is corroborated again. Despite the fact that cyclic ketones are much better substrates for aldol-like reactions than analogous acyclic ketones, a simple R-Me substituent shifts the equilibria with both regioisomeric enamines toward the left. If the side chain is bulkier (for example, if the substrate is an aldol product, such as the dioxanone at the ultimate row of Figure 5 ), no enamine could be detected; this occurred even by mixing PhCOCH 3 and such an aldol in a 1:20 ratio and using an excess of pyrrolidine. Its relative K eq is below our detection limit.
We have carried out calculations (see the Supporting Information) at a DFT level in DMSO for the geometry optimizations, followed by single-point calculations of the total energies at MP2 level in DMSO, to compare the conformers of several enamines of Figure 5 . The results agree qualitatively with those obtained by NMR.
In summary, by standard NMR experiments we have confirmed or rediscovered rules for enamines that do not differ from those known or assumed for a long time, 1, 10 but henceforward the comparisons of aldehydes and ketones can be established on a quantitative basis. 10d For example, when, via a secondary amine-catalyzed reaction, a linear aldehyde reacts with an electrophile, the product, which becomes an R-branched-like aldehyde, shows a 10À100 times weaker tendency to form its enamine (fortunately, otherwise the newly created stereocenter would soon racemize and, with strong electrophiles, double substitution could occur);
11 if a ketone RCH 2 COCH 2 R 0 reacts via one of its enamines with an electrophilic carbon atom, the product, let us say RCH 2 COCHR 0 R 00 , will show a tendency >1000 times weaker to form an enamine.
In short, the trend to afford enamines with 1 (and pyrrolidine) can be summarized as follows:
Thus, there are two groups of ketones with a higher tendency than several aliphatic aldehydes to afford enamines: (a) those cyclic ketones that can give fully conjugate enamines (e.g., benzo[c]cycloalkanones), as expected; 1, 5 (b) cyclic 1,3-dihydroxyacetone derivatives, such as the known 2,2-dimethyl-1,3-dioxan-5-one 8 and the amazing 2-phenyl-1,3-dioxan-5-one, enamines of which (see 3g and 3h), to the best of our knowledge, have been spectroscopically characterized and reported here for the first time. Supporting Information Available. Experimental details and copies of 1 H and 13 C NMR spectra and 2D NMR experiments, as well as results of calculations at the MP2//DFT level. This material is available free of charge via the Internet at http://pubs.acs.org.
(9) With pyrrolidine, more aldol-like products were formed, but the spectra could be better analyzed since the signals of the side chain (CH 2 OSi) of 1 and its enamines were avoided.
(10) (a) Enamines of RCH 2 CHO, especially if these enamines are conjugated (R = Ar, EWG), are the most stable (as known or expected). (b) A methyl or linear alkyl group on the other side of the carbonyl group (e.g., any RCH 2 COCH 3 ) is very detrimental for the formation of any possible enamine, unless the conjugation of the enamine system with an aromatic ring or EWG is feasible (i.e., not inhibited by steric effects), as known. (c) Enamines of cyclic ketones (entropic component of the steric effect) are relatively more stable than those of the analogous or similar acyclic ketones. (d) Branching at R or R 0 positions of a CO group is deleterious, as equilibrium constants may be reduced by a factor of 10À100 for an aldehyde and by 10 3 À10 5 for a ketone, being branching at both R and R 0 positions, obviously, more deleterious yet. These details are key in practice: if enamines are not formed at all or are hardly formed, no "enamine-catalyzed" or enamine-involving reactions will occur. 
